One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals' . This discussion session interrogated the current understanding of hydrogen embrittlement mechanisms in steels.
Introductory remarks (a) Introductory remarks from the panel chair

Adrian Sutton
I have been reading the literature to educate myself a little about hydrogen embrittlement. I hope that my lack of expertise has enabled me to have no preconceptions or prejudices.
More than ninety years ago hydrogen-enhanced decohesion was proposed by Pfeil in his 1926 paper [1] regarding tensile tests during 'pickling' of ferritic steels. He observed intergranular and transgranular failures, and he suggested they were caused by a reduction in strength of metal-metal bonds. He did not offer an explanation for the reduction, and even today there does not seem to be any direct experimental evidence for weakening of metallic bonds caused by hydrogen.
In 1969, Westlake [2] noticed that whenever hydrides form they are almost invariably brittle. A mechanism arises in which hydrogen is attracted elastically to a loaded crack tip, leading to supersaturation and precipitation of a hydride particle. The brittle hydride provides an easy path for crack growth. The crack pauses at the interface between the hydride and matrix until more hydrogen accumulates ahead of the crack, and the process repeats. There are many observations of such a mechanism, and there does not appear to be any controversy about it.
Three years later, Beachem published a paper that has proved seminal [3] . Before the widespread use of scanning electron microscopes to image fracture surfaces, he had the brilliant idea of looking at them with carbon replica techniques in a transmission electron microscope. At higher stress intensity factors, he observed dimples on the fracture surfaces, indicating that the crack grew as a result of microvoid coalescence. As the stress intensity factor was reduced, the extent of the plastic deformation decreased gradually and the fracture mode changed to quasi-cleavage and, eventually, at the lowest stress intensity, to intergranular fracture. In a sense, he turned all the thinking up to that point about hydrogen embrittlement on its head:
'The flat, brittle fractures produced at surprisingly low stresses in the laboratory or in service are therefore thought to be caused by severe, localised crack tip deformation even when the cracks are propagating along prior austenite grain boundaries, and are not believed to be the result of a cessation, restriction, or exhaustion of ductility. Therefore, the term "hydrogen-assisted" cracking is probably more descriptive than hydrogen "embrittlement" cracking.' [3] Beachem did not propose any mechanisms for the enhanced dislocation plasticity in the presence of hydrogen. In the 1970s, Lynch proposed a mechanism of adsorption-induced dislocation emission (AIDE) [4] . He suggested that hydrogen at crack tips facilitates the emission of dislocations, and that the crack grows through the linking up of microvoids ahead of the crack. This was partly based on his observation that there are remarkable similarities between the fracture surfaces seen in hydrogen-embrittled materials, and those seen in liquid metal embrittlement and stress corrosion cracking. Lynch argued that it is adsorption of hydrogen at the crack tip, not hydrogen in solution ahead of the crack tip, that enhances dislocation emission and leads to localized plasticity. His papers contain many examples where this happens in fcc, bcc and hcp metals. The generality of his observations is compelling, but it is difficult to explain the enhanced growth of microvoids ahead of a crack by the AIDE mechanism.
In the late 1980s, the Illinois group (Birnbaum, Robertson and Sofronis) proposed what is probably the best known mechanism: hydrogen enhanced localized plasticity, or HELP. In this case, hydrogen in solution ahead of the crack tip, not hydrogen adsorbed at the crack tip, is responsible [5, 6] for the highly localized plasticity reported by Beachem in 1972. They present experimental evidence [6] that the activation energies for dislocation motion in Ni and Ni-C alloys decrease in the presence of hydrogen. Again, highly localized ductile failure by microvoid coalescence was seen, but it was presumed to be facilitated by enhanced mobility of dislocations (edge, screw and mixed types) in fcc, bcc and hcp metals where hydrogen is in solution.
Based on in situ observations by transmission electron microscopy [TEM], the Illinois group put forward an explanation of the enhanced dislocation mobility based on the screening of elastic interactions as a result of segregation of hydrogen to dislocations. The degree of segregation is sensitive to strain rate and temperature. There seems little reason to doubt that hydrogen is attracted elastically to dislocations forming Cottrell atmospheres. Hydrogen may also be segregated to dislocation cores. Once hydrogen has segregated to dislocations, it will certainly reduce the strength and range of elastic interactions between dislocations.
However, the connection between reduced elastic interactions between dislocations and dislocation mobility is less obvious. One scenario where reduced elastic interactions certainly would enhance dislocation mobility is in Stage I work hardening, where elastic multipole interactions between dislocations on parallel slip planes inhibit their motion. In general, though, dislocation mobility is determined by properties of the core, such as the formation and migration energies of kinks, and by short-range interactions with obstacles such as other dislocations, particles, grain boundaries, solute atoms, voids and so on.
There are some experimental observations that are very difficult to explain by the HELP mechanism. When hydrogen enters the metal at the crack tip, the crack may grow at speeds much faster than hydrogen can diffuse in the metal [7] . But the fracture surfaces may still display dimples, indicating localized plasticity. It has also been shown experimentally by Lynch [7, 8] that abrupt changes in the environment of a fracture test, such as changing the partial pressure of hydrogen gas or adding oxygen to the hydrogen gas, have an immediate effect on the crack growth rate and the appearance of the fracture surfaces. These observations are consistent with the view that hydrogen enhances dislocation emission at the crack tip, but not with the view it enhances dislocation mobility ahead of the crack tip. Segregation of hydrogen to dislocations brings about a reduction in the free energy of the system, and leads to the Gibbs adsorption isotherm. As Kirchheim [9] has noted, it may also lead to a reduction in the free energy of formation of dislocation kinks. In that case, hydrogen may increase the mobility of dislocations moving by a kink mechanism. But it may also raise the free energy of migration of kinks, since the hydrogen atoms would either have to be dragged along with the kinks or the kinks would have to break free from them, reducing their mobility. In bcc metals it is usually the case that the Peierls valleys are so deep that dislocations do move by a kink mechanism. But in fcc metals, such as copper, which can deform by dislocation motion at liquid helium temperatures [10] , it seems unlikely that kinks are involved. It is therefore unclear whether hydrogen at the cores of dislocations and at kinks increases their mobility.
In 2001, Nagumo proposed that hydrogen is attracted to vacancies, based on interpretations of thermal desorption experiments [11] . This work suggests there is a synergy between them, similar to Kirchheim's defactant concept [9] , so that the presence of hydrogen enhances the concentration of vacancies. Calculations by Hickel et al. [12] also showed that the energy of hydrogen in solution in iron is reduced when the hydrogen sits in a vacancy. This may lead to greater ease of formation of microvoids, as first observed by Beachem.
When a hydrogen molecule is adsorbed at a metal surface, the antibonding orbital of the molecule becomes occupied and the hydrogen atoms separate and enter the metal as screened protons, forming quasiatoms. In 1980 Stott & Zaremba [13] calculated the energy of inserting a hydrogen atom into a homogeneous, paramagnetic electron gas as a function of its density. They showed that the energy of the hydrogen atom was minimized when the number density of the electron gas was approximately 0.017 Å −3 (i.e. r s = 4.6 a 0 where r s is the radius of a sphere containing one electron and a 0 is the Bohr radius, which is 0.529 Å).
This is a relatively small electron density, comparable to that of potassium metal, and it is consistent with the observation that hydrogen atoms tend to segregate to surfaces and vacancies in metals. In the transition metals, it is known [14, 15] that the 1s state of hydrogen hybridizes with the d band, forming covalent bonds. In the simplest possible tight binding model [16] , the width of the local density of states scales with the square root of the local coordination number z. The bond orders, which measure the strength of the bonds, are proportional to 1/ √ z. Thus, an additional bond to an interstitial hydrogen atom reduces the bond orders between neighbouring metal atoms by a factor of z/(z + 1). The reduction will be larger at surfaces where z is smaller.
This may be how the adsorption of hydrogen at metal surfaces could make the emission of dislocation loops easier, as in the AIDE mechanism. If hydrogen is at the cores of dislocations, it may also explain how it enhances the mobility of dislocations, as in the HELP mechanism. In both cases the reduction of bond orders between metal atoms makes it easier to break bonds, which is required in dislocation nucleation and propagation. In my view, these insights from the 1980s remain useful, but one rarely sees them mentioned these days. Carbon and boron are also interstitials in metals, but they are cohesive enhancers, not weakeners. They also reduce the bond orders between surrounding metal atoms, so how do these interstitials enhance cohesion? I suspect the reason is simply that they can form covalent bonds to more than one neighbouring metal atom. Thus, interstitial carbon and boron can act as a bridge binding together atoms on either side of a grain boundary.
It could be argued that hydrogen-induced grain boundary embrittlement is not necessarily a result of embrittlement of the grain boundary itself, but of strengthening of the surrounding matrix. So it is possible, for instance, through the formation of hydrides at dislocations that they become pinned. The strength of the matrix then increases, and a crack goes along a grain boundary because it is then the path of easiest fracture.
In summary, these remarks raise the following questions: (i) Is there any direct experimental evidence for the weakening of metal-metal bonding by hydrogen? (ii) Is there any experimental evidence that enhanced localized plasticity during hydrogen assisted cracking does not occur? (iii) Does hydrogen enhance the nucleation of dislocation loops at crack tips, and, if so, how? (iv) Does hydrogen enhance the mobility of dislocations, and, if so, how? (v) Is hydrogen-induced intergranular failure caused by grain boundary weakening, or matrix strengthening?
.
(b) Introductory remarks from the panellists
David Dye
Thank you for the lovely summary of the history. I will start off with the question of HELP versus decohesion or AIDE-type mechanisms, because I see them as being more linked.
I would comment that the Robertson group's observation was originally in environmental TEM [5] . You have a sample under a load, you add hydrogen, and you see the dislocations start to move. Take the hydrogen away, and you see the dislocations stop, so the HELP-type mechanism undoubtedly seems to occur. I agree that it is probably a dislocation core effect; I can't quite see the case for an elastic screening effect. Similarly, you can't explain a high rate effect that way, because you just don't have time for the hydrogen to move. I also don't necessarily see that you have to have one mechanism that goes across the whole range of materials and conditions.
Things like stress corrosion cracking occur at relatively slow rates, and as seen in some of the work earlier (see [17] the Norwegian work presented earlier on microcantilevers in steels (see [18] ), you did appear to see plasticity around a crack tip in the cantilever. That was really interesting; even in a steel you do seem to see some evidence for a localized plasticity mechanism.
Teasing this out will be really important to making progress, and that leads you down a range of roads like: Why is it related to coherent twin boundaries? And, if that is the case, how do we ameliorate that? How do we make the grain boundaries less susceptible to hydrogen segregation, if that's what the problem is? Because it's one thing to understand the mechanism, but the next thing to ask is: How do we engineer with that to make better materials?
The big problem here is that hydrogen is the unknown sigma, the thing we can't measure, to which we then attribute things by inference. We're not doing experimental physical science in the way that we normally do by direct observation; that is the great joy of our field. The big problem we have is how to actually observe the hydrogen microscopically and see where it is going. I think the big opportunities are in deuteration experiments, and things like SIMS and atom probe, to really tie down where the hydrogen is.
My second comment would be that there is a big concern in the auto steels business that as you go to higher strengths, they become more susceptible to hydrogen issues-this is what Richard [Thiessen] was talking about earlier. That seems to go across ferritic, dual-phase ferritic-martensitic, TRIP-assisted and TWIP steels. I am not necessarily convinced that they will have the same mechanism in each case, particularly given their differing ductilities.
My third comment is on traps. If you have high solubility for hydrogen in processing, the traps are filled, so that they are useless and might even be a source. Yet it is claimed by some authors that they work. If they are filled, then how are these microstructural traps effective? So that would be my other question. I don't quite think we understand the behaviour of traps yet, which would be a key step towards engineering against hydrogen.
Xavier Feaugas I propose to share some questions that we have developed in our lab. The first question is about the hydrogen embrittlement of martensitic steel. Working with various companies, we have observed some features in the structure linked to machining. In some cases, the cutting of different steels is followed by a baking process to disrupt or remove hydrogen, for which you must produce a large mobility of hydrogen. We are concerned that this induces hydrogen embrittlement.
So, the first question: What kind of process should be performed to achieve this removal of hydrogen? A similar concern exists for steels used by a petroleum company, where hydrogen is present with sulfide media.
Our work shows that hydrogen content increased quickly in the material, and that there is high diffusivity. We observed the same situation under hydrogen flux, and see a significant hydrogen embrittlement consequence. In both industrial and laboratory situations, we have a proposition that it's not really the concentration of hydrogen that causes embrittlement, but rather its mobility, its flux through the material.
It's an interesting idea that questions the notion that all the aspects can be determined by thermodynamic equilibrium. It is a feature that develops. It is easy to understand each process of the interaction of hydrogen with various defects, but I am not sure that these processes are the only cause of hydrogen embrittlement. That's my first question.
The second question is regarding the fact that hydrogen promotes the formation and emission of different defects, particularly vacancies, which is now well known. The question is how you can distinguish between a situation where hydrogen embrittlement is linked only to the hydrogen, and a situation where the production of defects gives the embrittlement. How can we construct an experimental or simulation approach to differentiate these situations?
The last question is linked to the interaction of hydrogen and defects, specifically dislocations. There is a well-known shielding process, where we suppose that hydrogen promotes the emission and shielding of the dislocation's elastic field. This then induces a softening process and causes planar slip. But if you perform different analyses for large strains that correspond to the crack tip, we show that we modify the dislocation distribution with hydrogen. The pattern is completely different, and the length scale is directly dependent on hydrogen concentration.
Finally, I think it's an interesting problem for fatigue behaviour. In this situation, the dislocation network forms rapidly with the typical pattern and length scale, along with internal stresses. The question of the impact of hydrogen on these internal stresses is, I think, fundamental to understanding hydrogen embrittlement in future.
Afrooz Barnoush
I would like to look at hydrogen embrittlement now from a different perspective-or rather, I would like to divide it into different parts.
We are talking about hydrogen embrittlement as one phenomenon, but there are so many different processes happening that I think we should perhaps specify them and consider them separately.
The whole story starts with the adsorption of hydrogen onto the surface, either from gas, from chemical or electrochemical reactions, or from solution. Here already we have a problem. Today we have heard many comments such as: What if your surface is covered with oxide? What if a dislocation is emerging from the material, producing a step and enhancing the hydrogen absorption?
Next, we should consider the transportation of this hydrogen, which has been absorbed from the surface into the metal and into the critical locations in the metal. Some of these locations we call traps, some could be voids in the metal. Then we are dealing with transport phenomena and diffusion, which are convoluted by trapping processes, so that hydrogen does not feel the same in all places in the crystal.
Finally, I think we should discuss the interaction of hydrogen with plasticity and deformation. I would rather call it the interaction of hydrogen with plasticity, because it can involve dislocations or vacancies (which can also contribute to plasticity), or it can be involved with decohesion. The decohesion happening locally in the metal can contribute to the plasticity that we observe at larger length scales.
So how are these processes happening? My specific focus is on that last part, regarding how hydrogen affects plasticity processes and dislocations. Of course, we have so far seen a lot of signs that hydrogen can enhance the formation of dislocations, vacancies and also interfaces. For example, at the interface of the voids when decohesion happens, you are producing new interfaces. Luckily, all of this can be considered in the framework of the defactant concept proposed by Reiner [Kirchheim] , and so can be explained on a thermodynamic basis. The next question would then be: How are we going to connect all these steps together, and try to come up with, say, a predictive model?
I think as we are dividing the processes that are involved in hydrogen embrittlement, we have also to start to divide the material into different parts: interfaces, bulk solid. Then we must try to apply the existing concepts of dislocations, vacancy formation, decohesion, trapping, diffusivity and so on. We can try to learn something and put all of these concepts together, and get a full view of what is happening. We should also think about how well communication is happening between experimental work and modelling work. How can all our efforts help us learn new things and come up with a solution for industry?
Hisao Matsunaga I am a researcher in the Mechanical Engineering department at Kyūshū University, and I am involved with domestic and international regulations to theorize the so-called hydrogen society. The aim is to realize hydrogen stations and create significant commercialization of hydrogen power.
The materials we deal with are commercial steels: austenitic stainless steels, low and medium carbon steels, martensitic stainless steel and so on. We do not deal with 'high-strength' steels, because these materials show delayed fracture, which would not be suitable for a hydrogen station.
I also deal with various strange properties, such as the slow strain rate tensile properties. I also study fatigue life, fatigue limits and fatigue crack growth properties, and fracture toughness. We need to understand all these factors for the safe design of a component in a hydrogen handling system.
Of course, the material response to hydrogen gas is very much dependent on the hydrogen pressure and the material type. As far as I have experienced in my research activities, hydrogen-induced degradation is caused by hydrogen-enhanced crack initiation and some secondary crack growth in hydrogen gas.
We always find that the crack acceleration is related to the microscopic ductile fracture in medium-or low-strength steels. As far as we observe, every crack always grows stably; they are not unstable. Under crack growth loading and the influence of hydrogen, this is my experience. 
General discussion (a) The importance of understanding mechanisms
Adrian Sutton
Before I open up the discussion to the floor, I'd like to ask the question of whether we actually care what the mechanism is. There are people working very hard on trying to design alloys with suitable traps so that the problem is completely circumvented. Now, that's a good engineering solution to the problem-why do we want to know the mechanisms? Does anybody want to have a go at that? Why are the mechanisms important?
Reiner Kirchheim
Because it's related to the sixty million dollar question, and I would like to answer that despite the fact that I won't get the money.
We have to ask how a dislocation moves, and it moves by kink pair formation. You can show in an extended Gibbsian treatment that you reduce the formation energy of kink pairs upon introducing hydrogen. If kink pair generation is a rate-controlling process, then you enhance dislocation mobility [19] .
There are two things to consider. First, can you prove that in terms of thermodynamics? It has been shown by DFT [density functional theory] calculations [20] that at a screw dislocation in bcc iron, the kink pair formation energy is reduced in the presence of hydrogen. In some very old experiments on internal friction [9] , they measured the so-called cold work or Snoek-Köster peak in iron. Without hydrogen, you have a peak around 300 K, which stems from kink pair formation at screw dislocations.
If you add hydrogen, this peak moves to lower temperatures. Alfred Seeger was afraid of interpreting that because he was dealing with oxygen, nitrogen and carbon, which move the cold work peak to higher temperatures [21] . This is due to the very sluggish diffusion of these big interstitials, whereas hydrogen diffuses very fast. The peak will then move to lower temperatures under the influence of hydrogen because the kink pair energy is reduced.
Adrian Sutton
I completely agree with you in bcc metals. The problem I see with that as a general explanation is that, in fcc metals, we also see plasticity at liquid helium temperatures [10] . That's not compatible with a kink mechanism. The Peierls barrier to dislocation motion in fcc metals (for instance, aluminium) is not so high that you need a kink mechanism. And yet you can still see hydrogen embrittlement in aluminium and aluminum alloys [22] . So I think there's something more generic.
Reiner Kirchheim
But it's also known that in bcc metals, softening (which is an aspect of this kink pair formation) is more pronounced than in fcc [23] . This is due to the fact that in bcc metals the dislocations have screw character, and if you form a kink it has edge character. Therefore due to the strain field it's prone to segregation-more prone than in fcc.
Adrian Sutton
No dispute with that in bcc.
Dave Rugg
Just a very short response to your question of: Do we care? As you know, I'm very interested in safety-critical structures, both aerospace and nuclear, and the answer is yes. 
David Dye
From a regulatory point of view, such as in the nuclear industry, you need to be able to demonstrate that you understand the mechanisms in order to justify a safety case. That allows you to do more than interpolate between experiments. If you only want to interpolate between experiments, you could try and do without that understanding-but real life situations are never like your lab.
Mick Brown
Could I give another answer to this question, which comes from somebody who has done a lot of teaching in his life? When you have young students and you're trying to convey to them the complexity of material behaviour, in particular in metals, it seems to me important that they should have a sound understanding, as sound a one as you can provide. That will have a profound impact on the effectiveness of the engineering that they later do in their lives.
Adrian Sutton
Thank you, Mick. I must admit it was a fairly rhetorical question, for all the reasons that Dave and Mick have said.
(b) The role of vacancies What seems to be difficult with doing the modelling (at least I agree with Jörg Neugebauer) is that in equilibrium, if you have vacancies decorated with hydrogen, there is no need for them to agglomerate. In vacancy agglomeration, you would lose these very nice hydrogen sites next to the centre of the vacancies. It has to start somewhere, maybe at oxideor carbide-metal interfaces, where the crack is initiated. Or the other processes are taking place.
Adrian Sutton I agree. I agree that dislocation activity is probably the key to it.
Tony Paxton
You briefly mention the work of another mechanism called HESIV from Nagumo [24] : hydrogen-enhanced stress-induced vacancy formation. The experiments are quite striking. These are the experiments they did in iron-silicon alloys, in which they measured stress-strain curves with and without hydrogen. The postulate that the damage was caused by this superabundance of vacancies was demonstrated by the fact that they could outgas the hydrogen from the specimen, and then see the stress-strain curve would return to the hydrogen case, not to the pure case.
This was regarded as evidence that the hydrogen produces damage and then, if you remove it from the specimen, you do not recover the hydrogen-free mechanical properties. That's very startling and striking, because it means hydrogen is not actually involved in the fracture process or the damage process at all. It's involved in producing the superabundance of vacancies, which then themselves are actually the agents of the damage. I think people sometimes neglect that work, although it's clearly extremely important and very telling. They were beautiful experiments and very difficult to interpret in any other way. So that the role of vacancies from that point of view is absolutely critical.
Pedro Rivera
Another way to interpret this, or to understand the influence of vacancies, is in the context of rolling contact fatigue of steels. Something that happens is the very early formation of white etching areas, which are the result of the dissolution of cementite. The cementite would otherwise be very well organized as transition precipitates, and that hardens the matrix in such white etching areas. If we had a superabundance of vacancies, that would ease up diffusion and dissolution of those precipitates, and that would explain the formation of white etching areas. The difference in formation time is as much as four orders of magnitude, so that's significant. There's more to say but that would be just one point.
George Smith
Picking up on the last two points about vacancies, I think there are serious things to learn from the behaviour of carbon. We've mentioned the white etching layer; the other classic area is the drawing of pearlitic steel wires. There is a problem there that, if the wire gets overheated during drawing, it becomes very susceptible to strain ageing. Almost certainly in that case what's happening is that the vacancies are being created by the mechanical deformation process. Then if the steel is overheated during drawing, carbon atoms are detached from cementite and become attached to the vacancies.
In the case of steels with carbon, if you've got a carbon-vacancy combination, then that is a potential time bomb, even at room temperature. You don't get strain ageing normally in the steel at room temperature because you can't get the carbon out of the cementite or grain boundary site. But if it's a carbon-vacancy interaction, it can be done [25] [26] [27] .
If you map that across to hydrogen, normally you say that, on equilibrium thermodynamic grounds, there should be more vacancies around if hydrogen is present. But either way, vacancy formation would normally be a thermally activated process. It would be quite hard to inject those vacancies, so I hypothesize that the vacancies are created as the result of local deformation processes, the movement of jog dislocations. If the hydrogen is associated with the dislocation, then it can simply hop into one of those vacant sites. Otherwise, it can just arrive there quite quickly. But there is certainly the issue of how those excess vacancies can be produced, and I think they have to be deformation related. 
Adrian Sutton
Don't you think that they could be produced through a synergy between hydrogen and vacancies? That they lower the energy of formation of each other?
George Smith
Well, are you suggesting that you can form a vacancy at room temperature via that process? We would have to plug the numbers in; I am suspicious.
Adrian Sutton
Okay, you've got to kick an atom out.
George Smith
Yes, and you've got to be able to form it. I am open to be persuaded that that is the case, but I would like to see the sum that says that vacancies can be formed at that low energy. I can see how they can be formed during mechanical deformation.
Pedro Rivera
There is a paper by Krystyn van Vliet [28] that shows that, even at room temperature, the number density of vacancies is increased by several orders of magnitude in the presence of hydrogen. She did that by calculating the different types of clusters, the most probable clusters, between vacancies and hydrogen.
Another point is that, in the case of bearing fatigue, the white etching areas (which are where we are saying that these vacancies would probably form and become stabilized) always, or nearly always, start in the vicinity of inclusions. The contact fatigue problem has a very complex stress state, where you have shearing in different directions as the ball rolls. People have repeatedly stated that it is the beating of the matrix against, for example, alumina inclusions that causes the white etching area to form and grow around the inclusion.
In this context, if you have already some degree of decohesion between the inclusions and the matrix, I don't think it's difficult to imagine-of course this has to be properly calculated-that you can easily stabilize vacancies there, because there is decohesion and there is shearing in two different directions. You are beating the surface, that's where the white etching area starts. You start from vacancies right in this vicinity, you stabilize it with hydrogen, and it starts to grow and it grows much faster with hydrogen present. Of course, this has to be calculated properly, but I don't think this is totally out of the question.
John Ellis
Just to put a number on what we're considering, if you want to go from a rate of one per hour to ten per second, you need to reduce the activation energy by a quarter of an electronvolt. You're going from one electronvolt to three-quarters of an electronvolt.
(c) Kink pair formation and migration energies
Tony Paxton
Regarding vacancies, and adding to what Reiner [Kirchheim] said: The effect of hydrogen in our opinion is twofold. As Adrian [Sutton] notes, this applies only in bcc metals.
As Reiner [Kirchheim] says, the hydrogen lowers the formation energy for a kink pair, but then it also lowers the kink velocity by solute drag. These are two competing effects, and so under different conditions of stress, temperature and hydrogen concentration, one could expect the dislocation velocity to be both increased and reduced by the presence of hydrogen. [111] screw dislocation (black line) projected onto the (110) primary slip plane in α-iron. The red lines indicate debris left behind due to the creation of jogs and superjogs and subsequent unzipping. The blue dot represents the position of a hydrogen atom. T = 300 K, σ app = 50 MPa, nominal bulk hydrogen concentration 0.5 appm. This is a 1 16 detail of a kinetic Monte-Carlo simulation of a dislocation of total length L = 1000b = 0.245 µm. The appearance of debris is a consequence of hydrogen lowering the activation energy for double kink formation. In the absence of hydrogen, at this stress and temperature, a screw dislocation will leave no debris because the kink migration rate is fast compared to the kink formation rate and hence kink collisions are rare. Although not inlcuded in this model, the presence of hydrogen will serve to stabilize the debris and trailing vacancies due to the defactant effect, and this provides evidence for the HESIV mechanism of ductility loss [29] . This is consistent with the remarks by George Smith in the present discussion, namely that the formation of vacancies is likely to be deformation related.
(I. H. Katzarov and A. T. Paxton, unpublished.)
If one is in the situation where the dislocation velocity is rate-limited by the migration of the kinks themselves, then they don't zip away rapidly enough to avoid collision between kinks. This can give rise, then, to two kinks on cross-slip planes interacting to produce a jog. This, in our opinion, is one of the features of hydrogen-induced plasticity in bcc metals: that these jogs then trail debris and create prismatic loops behind the running dislocation. The hydrogen can then definitely stabilize any vacancies that are to be produced if the little jog segments are to climb. So in our opinion that is a mechanism for the effects on bcc metals (figure 1).
Adrian Sutton
Is the increase in the migration energy of kinks more than the decrease in their formation energy due to hydrogen?
Tony Paxton
Generally speaking, as far as we know in pure iron, the migration energy in kinks is simply limited by phonon drag. There is no other effect. It is not thermally activated.
Adrian Sutton
No, but you were saying just now that you have to drag along the hydrogen with the kink, so that means that the migration energy has been raised.
Tony Paxton
Of the kink itself? The kink will not drag the hydrogen with it; it will jump over the hydrogen.
Adrian Sutton
And just detach itself?
Tony Paxton
In that sense, the hydrogen is in the core of the dislocation to begin with, and now is one Burgers vector behind. That costs energy. It costs what is essentially the trap energy to do that, and then the kink has gone. That's our picture at any rate (figures 1 and 2).
Mick Brown
In the case of fcc metals, I think that the mobility of the jogs along screw dislocations is a process that certainly amounts to cross-slip, and the elimination of screw dislocation dipoles. There is no question that almost any alloying element produces more planar slip and less crossslip at any given temperature. The activation energy for the motion of a simple jog along a screw dislocation is about 0.1 eV for a variety of fcc metals, so this happens quite fast at temperatures above liquid nitrogen temperature. Now, as I understand it, the evidence presented here (although I've not seen it myself) is that planar slip is enhanced by the presence of hydrogen as well. Do people agree with that? [30] Adrian Sutton I've seen it in the literature [31] ; what about other people?
I have not seen the evidence myself but if so, that would be a very simple explanation, I think.
David Dye
I think it's certainly true in titanium, and there'll be data presented tomorrow that shows that.
Reiner Kirchheim
Coming back to vacancies and what George [Smith] said a minute ago, you have to produce them somehow. You can do so by cutting screw dislocations, and Tony [Paxton] modelled that, but in front of the crack tip, you don't have them. That might happen later once you have produced dislocations. That is why I believe the production of dislocations is the rate-determining step, and it takes place at the crack tip. Independent of whether the hydrogen is provided externally (as in the Lynch model), or whether it's provided internally, the generation of the dislocation line is decreased in the presence of hydrogen [19] . It is similar to how the surface energy is decreased by adsorbed molecules, it's the same thermodynamic reason.
Adrian Sutton
That is the Lynch AIDE model. 
Reiner Kirchheim
It is the same concept. Maybe in experiments where they see the enhanced dislocation mobility, there may have been a dislocation source somewhere out of view, making it much easier in the presence of hydrogen to generate dislocations. Perhaps they then moved through the field of view, and that may be an explanation besides ease of kink pair formation.
Adrian Sutton
Stan Lynch does cite some other experiments in favour of that view. For example, if you are doing a test in hydrogen gas, and you abruptly change the hydrogen pressure of the gas, there is an immediate abrupt change in the crack growth rate [8] . That again suggests that it's all to do with how much hydrogen is right at the crack tip, absorbed in just the surface layer or maybe the subsurface layer, and that it doesn't have anything to do with the effect of hydrogen on plasticity beyond that. In other words, it's not the dissolved hydrogen.
Reiner Kirchheim
It's a good argument.
David Dye
But the plasticity process would be at the crack tip as well, and within the first few hundred nanometres. In that case, there is more than enough time, certainly in stress corrosion cases, for hydrogen to migrate and be involved there. So I don't think that distinguishes the two cases for me.
Afrooz Barnoush
I think the presence of hydrogen, either adsorbed on the surface or dissolved in the solid, can enhance dislocation nucleation. In support of this, we did nanoindentation tests, and we saw that dislocation nucleation happens below the tip at a distance from the surface. We saw the enhancing effect of the hydrogen in that experiment. I would not specify that it is only the hydrogen adsorbed on the surface (as Lynch does); I would say that the presence of hydrogen, either on the surface or in the solid, can enhance the dislocation nucleation.
(d) Internal pores and experimental approaches
Dave Rugg I have one question that is really intriguing me about hydrogen phenomena. Say you have an internal void (or indeed a subsurface generated crack), into which you are potentially going to put hydrogen, which might then become molecular hydrogen. Certainly in zirconium and titanium, such cases would mean you have an incredibly clean atmosphere and that the surfaces are probably as clean as you would ever get. As such, the behaviour may well be very different from even a nominally high-purity hydrogen gas experiment.
That is quite intriguing in terms of dimple formation, and in terms of the potential difference in hydrogen-accelerated crack growth, if there is a dissociation reaction that is needed at the high-stress area.
Also, regarding Tony [Paxton] 's earlier comment about pulling the hydrogen out: How confident are we that if we have molecular hydrogen inside a pore, that when we do a nominal degas treatment it is actually taking the hydrogen out of the pore? mechanism at play. The hydrogen in the metal is in the form of hydrogen atoms. When it goes into the void it makes H 2 gas, but then to be adsorbed on the metal surface it goes back to the atomic state. It can then have an influence on the nucleation of dislocations from the corners of those voids. It hence looked like the Lynch mechanism operating inside a void, but ahead of the crack.
Adrian Sutton
Dave Rugg
And with absolutely no passivation.
Adrian Sutton
That's right, no passivation at all, because there's nothing else there.
Xavier Feaugas
The Lynch model, and all of these models, are based on this process. It is related to the decrease in defect formation at the surface and in the bulk. I think the problem is to define time and length scales for each process, and to find a way to identify these scales for a given material, or under given stress or strain conditions.
It is a challenge. All these processes have been documented: the HELP model, the AIDE model, various models for different materials. The challenge for the future, though, is to identify the time and length scales corresponding to each process. One can perform experiments or model things, and try to identify the damage process in each case. We can discuss the models and progress on specificities, but more broadly we say that hydrogen modifies kink pair formation. This seems to be the case, but we also see modification of the dislocation cores, and the recombination of the core is probably also affected by hydrogen. It is an interaction of many, many processes, and I think the discussion is more interesting when we question the specificity of the length and time scales.
(e) The role of carbon
Mick Brown
Could I refer here to the most beautiful experiments by Tarlan [Hajilou] [18]? She looked at these nanoindentation effects on a steel with very, very low carbon content, and then did the same test on a steel with ten times as much carbon at 0.2 wt. %. What you saw was that the presence of hydrogen greatly increased the ease of dislocation formation, and removed the upper yield stress, in the higher-carbon steel, but had little or no effect in the very low carbon steel. Now there is something to explain. It must be a synergy of some kind that has to do with the role of the carbon in the cores of these dislocations. I do not see any other way of thinking about it, but I wonder if people agree.
Xavier Feaugas
This is similar to the case of zirconium alloyed with oxygen. In fact, it is the interaction of hydrogen and oxygen that modifies the core of the dislocations and promotes the slip.
Adrian Sutton
This comes back to George [Smith]'s point about the significance of carbon in the story.
(f) Brittle, intergranular fracture across whole samples
Salim Brahimi
This discussion is fascinating, and it is wonderful that I get to ask a question to an audience like this, because I have been studying this problem for years. It is a fundamental question, because we have listed all these models but there is no clear answer as to which model applies effectively to which situation. I would argue that internal hydrogen 
I have observed an experimental phenomenon that I cannot fit into any one of these models clearly, and maybe this discussion will help explain it. When a fastener fails due to hydrogen embrittlement, the fractography tells a very clear picture. In high-strength steels, an intergranular morphology begins at the location of crack initiation. As the crack progresses, the morphology shifts, gradually becoming less intergranular, more mixed and eventually ductile as the fastener is overloaded. This makes sense because you would argue that, as the crack is progressing faster and faster, hydrogen is not keeping up and not having the same effect over time.
However, we have done these tests on notched bars under severe conditions (whether it is internal or environmentally introduced hydrogen). In these experiments, we observe situations where the entire fracture surface from beginning to end is completely intergranular. I cannot explain that, if the crack is progressing at lightning speed. Why is it that, in a situation where the crack is growing even faster than it would in a fastener that is being gradually overloaded, the entire fracture surface would be intergranular?
It is not just a question about an experiment; it is a question that goes to the fundamentals: What is the mechanism here? What is the role of this embrittlement that causes an entire fracture surface to behave in a flagrantly brittle fashion? Is hydrogen able to keep up with that crack? I don't think so-so what is it? Is it just the hydrogen migrating to the grain boundaries in the absence of stress? I don't know, but it is certainly a hydrogen effect. I can never quite understand the models, because like Xavier [Feaugas] said it's a time scale issue, and these different processes don't all fit the same time scale. This is one question that keeps coming back to me. Can this audience help explain that?
John Ellis I am not proposing an explanation, but it's worth remembering that diffusion of hydrogen over surfaces goes infinitely faster than diffusion of hydrogen across the bulk. If you look at hydrogen diffusing across {111} surfaces, you typically will get a jump rate of the order of 10 GHz at room temperature.
Adrian Sutton
Yes, but we have to create those surfaces first.
Salim, you have said that it doesn't matter whether it is internal hydrogen or environmental hydrogen. If it were environmental hydrogen, and if I were Stan Lynch, I would suggest that it was to do with hydrogen getting into the crack tip and enabling localized plasticity to take place along those grain boundaries. If it is internal hydrogen, I guess it has to be something like the HELP mechanism giving you localized plasticity. But your point is: Why is it entirely intergranular? All those grain boundaries have been weakened somehow at a phenomenal rate; that's the crux of it.
Afrooz Barnoush
What I understand from your experiment is you are in situ charging, so that hydrogen is produced all over every surface, even during the crack growth process. Whatever free surface comes into contact with the electrolyte starts to reduce the hydrogen.
Salim Brahimi
That is one type of test, but we also do tests in air where the hydrogen has been introduced prior to the experiment, usually by electroplating or another mechanism. In the most extreme cases, with the highesthardness materials that we test, the entire fracture surface is brittle, whether the hydrogen is internal or environmentally introduced during the experiment.
Adrian Sutton
Brittle and intergranular?
Salim Brahimi
Brittle and intergranular.
Richard Thiessen I can confirm that as well. In sheet steels, if we are around the 1000 MPa strength class, we get what was just mentioned. In our punched-hole samples, there is this embrittled triangular region where the crack starts at the punched edge, and then it transitions into a ductile fracture. As we start making the system more and more sensitive, looking at strength classes of 1200 MPa or even 1400 MPa and beyond, then we have a clearly intergranular fracture throughout the whole fracture surface. It then seems as if the hydrogen is already there; it is not a transportmediated mechanism, it's there already.
Mike Finnis
Pre-segregating the hydrogen to the grain boundaries, which probably happens, doesn't exclude the Lynch mechanism, does it? It's still there at the crack tip when the crack tip meets it.
Tom Depover
We have also done tensile tests on dual-phase (DP) steel together with in situ charging [32] . There was no hydrogen pre-charging, so from the moment you start charging you start with the tensile test. We calculated the hydrogen diffusion distance into the material and we could consequently follow the penetration of hydrogen from the edges. The hydrogen diffusion distance x can be calculated by taking the square root of the product of the diffusion coefficient D, determined by permeation experiment, and the test time t, i.e. x = √ Dt [33] . When investigating the fracture surface (figure 3), the extent of the hydrogen-induced embrittled zone equals exactly the calculated hydrogen penetration distance into the sample, while the centre of the sample still shows a ductile fracture.
In another experiment, we have a fully hydrogen-saturated sample. There, we also detect some brittle transgranular features at the edge with a transition zone to ductile features at the centre [34, 35] . We only clearly observed intergranular fracture zones when failure occurred below the yield point. Moreover, this intergranular fracture was correlated to the presence of irreversibly trapped hydrogen at V 4 C 3 precipitates [36] .
I was wondering, then, whether your intercrystalline fracture features were seen below the yield point, or when plastic deformation occurred, because maybe in the latter case that is an effect of dislocation motion carrying along the hydrogen atoms.
Salim Brahimi
For clarification, these tests are done in bending, so we are not measuring yield per se. But the fractures occur in these cases at anywhere from thirty to forty per cent of the baseline strength of the material. So it has very much lost its strength, its ability to absorb the load. In situ hydrogen charging started at the same moment as the tensile test. The hydrogen diffusion distance from the edges and related hydrogen embrittled zone are indicated [32] .
(g) The quantum mechanical nature of hydrogen
Adrian Sutton
Can I ask you all whether anybody can explain the HELP mechanism to me? What is the reason for enhancing dislocation mobility due to hydrogen?
Stephen Yue Of course, I can't explain it. But maybe can we go right back and ask what is so special about hydrogen the atom? Then maybe we can go from there?
Its size, I think, apart from anything else. It is the smallest we've got.
John Ellis
Can you be a bit more specific?
Adrian Sutton
It goes back to what I was saying before: Because it is so small, it has to find an environment that it likes, as with any other interstitial. That environment is always off to one side within a vacancy or on a surface. It is different from the other prominent interstitials like carbon, boron and even oxygen. Those atoms, because of their size and because they have more than one electron, will want to form bonds in several directions.
And that is what gives rise to the cohesion that those atoms provide, whereas hydrogen does not.
John Ellis
I would just like to add that the difference is that hydrogen in a metal is a proton, so it has no electrons.
Adrian Sutton
No, that's not true. If you put a proton inside any metal, it will immediately attract electrons, so if you get more than one or two angstroms away, you will see a neutral atom.
John Ellis
Well, here is what I was just thinking. If you look at the compressibility of metals, you find that the alkali metals have the compressibility of a free electron gas, i.e. the core is playing no role whatsoever. Once you start getting core electrons attached to a nucleus, though, they have a big effect on where the thing can go. Obviously with carbon and oxygen you have the core electrons that are not up for grabs at all, and they really restrict where it can go. Whereas with hydrogen, there is perhaps one electron attached to it, but on the other hand it's more like a deformation of the electron cloud around it. As such, you have much greater freedom over where you can put it over anything that has core electrons associated with it. Although it does attract an electron, at the end of the day you are embedding a proton in an electron gas, and you can stick that almost anywhere and it can be embedded almost anywhere. Meanwhile, for an atom with core electrons, you can't just put it anywhere because Pauli repulsion of core electrons stops you from putting it almost anywhere. The hydrogen then has much greater flexibility with where it can end up.
Mike Finnis
Tony [Paxton] pointed out earlier on that the s orbital of hydrogen lies well below the d band of the metal, so it attracts its electron and sits below the metal d band (figure 4). But it is sensitive to the electron density. There are these old calculations of this in the 1970s where you put a proton, if you like, or hydrogen atoms into the material. The end result's the same: It is screened, it is neutral.
If you put it in an electron gas, then if the electron gas is slightly inhomogeneous, it seeks out a rather low electron density. So unlike other atoms that you have mentioned, it really doesn't want to be in the metal at all; it would really like to be in a defect with lower electron density, or sitting on the surface or, even better, out in space with another hydrogen atom.
Reiner Kirchheim
I think a major difference between these larger interstitials and hydrogen is the mobility of hydrogen. It is mobile at room temperature where you have all the defects present. When oxygen and carbon become mobile at higher temperatures, you will see recrystallization, recovery, and most of the defects are gone. But you still have the same interaction energies, even larger ones, for carbon going to a surface, carbon going to a dislocation, carbon going to vacancies.
Adrian Sutton
But those processes take place at higher temperatures.
Reiner Kirchheim
Temperatures at which most of the dislocations are gone, and vacancies are gone, so you don't see these defects so often. You will see enhanced creep at lower temperatures in the presence of carbon because it stabilizes vacancies, so you have higher vacancy concentration, and therefore you have higher self-diffusion coefficient of iron [38] . the same mechanism, in a way.
Tony Paxton
Can I just once and once only in the whole conference say 'quantum proton'? Then you can go and look at my poster this afternoon. According to our calculations of the energy to trap a proton (a hydrogen atom) in a vacancy, something like twenty, fifty per cent, maybe even more, of that energy is the quantum kinetic energy of the proton. This is a quantity that is totally missing in any electronic structure-type calculations, which treat the proton as a classical particle.
Adrian Sutton
A big fraction of that must be the zero point energy.
Tony Paxton
Yes.
Adrian Sutton
Do you have zero point energy in your calculations?
Tony Paxton
Yes. The zero point energy belongs to a quantum harmonic oscillator. The proton is not seeing a very harmonic potential inside a trap like a vacancy or even possibly a dislocation or a grain boundary, so the energy landscape isn't really quadratic. 'Zero point energy' isn't quite the right set of words to use, but yes: In terms of kinetic energy then that is something that requires you somehow to solve the Schrödinger equation for a proton.
Adrian Sutton
The earlier question was asking what is different about hydrogen compared to all the other atoms.
Tony Paxton
I'll just say 'quantum proton' twice then.
Adrian Sutton
Tony has made a very important point that it really is a quantum mechanical object. It comes back to Reiner [Kirchheim] 's point that it is extremely mobile, and that because it is a quantum object it moves very rapidly even at 1 K [39] .
Before I became a bit more familiar with this field, I always thought that when you looked at the diffusivity of hydrogen when it became Arrhenius-like, that must mean it's behaving like a classical particle. But that is not true: It's always behaving like a quantum particle, even when it has an Arrhenius behaviour [40] . The reason for the Arrhenius factor is that it digs a hole for itself when it sits in an interstitial site, in that the atoms around it relax, and that lowers its energy.
In order for that hydrogen atom to then move to an adjacent site, quantum mechanically it has to have the same energy as the tunnelling transition, and that transition won't take place unless they have the same energy. Before it can move, then, the atoms in the adjacent site actually have to reorganize themselves so that it does have the same energy, and this is exactly equivalent to what Stoneham called the small polaron model for transport of electrons in ionic crystals [40] . Just because there is an Arrhenius behaviour in the diffusivity of hydrogen, that doesn't mean that it's behaving as a classical particle.
Tony Paxton
Can I just make one more remark? The consequence of the quantum diffusivity is that we predict rather different diffusivities for the different isotopes of hydrogen, beyond the ordinary square root of the mass correction. Frantz Martin and Jacques Chêne tell me that this is totally in contradiction to experiment. There is no experimental evidence that the diffusivities of tritium, deuterium and hydrogen are in any way different, so whatever we're predicting is not in agreement with the experiment. 
(h) Hydrogen as a detergent
Alan Sturt
May I make a rather rude chemical suggestion? Rude in this environment of engineers. It looks as if this hydrogen is acting almost exactly like a detergent. If there is an area, a space in a metal matrix to stick to, it will. You were talking about the rate at which things appear, hydrogen before or after a crack-it is probably already there. If you've got hydrogen around, it will soak through the whole structure, and as the opportunity appears, it'll stick to it. That prevents the metal matrix sticking back together again, and that's an amateurish explanation of in fact almost all of your initial questions.
Perhaps you are being far too sophisticated, especially when you get into quantum mechanics and the rest of it. I mean, a hydrogen atom is a quantum if you like, but all atoms are. I notice we've slipped from hydrogen atoms, which I mentioned in an early talk on fasteners. I asked for clarification and it was all rather pooh-poohed; of course it's hydrogen atoms. But then quite a lot had been said about hydrogen molecules, which are not at all the same thing, and oxygen molecules, which are certainly not the same thing. They are producing the same kind of effect.
Adrian Sutton
The reason we talk about hydrogen atoms in metals, rather than molecules, is that as soon as an H 2 molecule lands on metal surface, the antibonding states in the molecule are occupied by electrons in the metal and it separates, giving you hydrogen atoms.
Alan Sturt
Fair enough. It will still do the same thing. Once you have got hydrogen atoms there, if they move very fast, they will just stick to any surface that appears, just like a detergent does in washing up.
(i) The ideal experiment and future directions
Baptiste Gault
You talk about a sixty million dollar question. Could we use that money to design the killer experiment to answer the question and, if so, what would be that experiment, in your views? We can talk about modelling and do all sorts of things, but what is the experiment that is currently missing that would give you the answer that would let us go to the pub instead of staying here?
Adrian Sutton
Well, I think that's an excellent question, and I'm going to pass the buck to my panel. David?
David Dye I've already commented on this, in that I think we want to know definitively where the hydrogen is. We want to be able to measure it. As I say, I would really like to deuterate and go and find deuterium at grain boundaries, for instance, or in traps to then measure trap concentrations. I'm not sure if this is going to ever be possible, but I would like to measure or observe hydrogen in dislocation cores. It would be a fine thing to be able to do, wouldn't it?
Xavier Feaugas I think we can all develop experiments designed to investigate the interaction of hydrogen with stress conditions, and permeation testing with different stress conditions. I think that is really interesting.
We can also perform observations with hydrogen pressure in TEM, but we need to control the temperature. of doing it at the spatial resolution that is needed are not chemically sensitive to the hydrogen, so you find yourself in a 'Catch 22'. It is interesting that in X-ray spectroscopy now, there is a big drive to try and match the spatial resolution down to that of electron microscopes. In X-ray spectroscopy you can now get down to 10 nm resolution-but that's still no good to you if you have hydrogen.
So where should we spend that sixty million pounds, or euros? We should pursue an equivalent drive with neutrons. Neutrons would give us access to hydrogen, deuterium, and the balancing of that, but at the moment we are nowhere near the spatial resolution you would need. So I think that's where I would spend the money: Making neutrons work at this length scale.
(j) Closing remarks Adrian Sutton I think we've run out of time. I want to thank the panel very much for taking part in this discussion. We talked about a sixty million dollar question, and we probably need two hundred and forty million dollars between our four panellists. I suggest we go for two hundred and forty million pounds, though, because I think after this morning that won't be so much. 1 Thank you. 
